A half-bridge photovoltaic (PV) system is proposed, which can not only deal with bidirectional power flowing but also improve power quality. According to varying insolation, the system conditions real power for dc and ac loads to accommodate different amounts of PV power. Furthermore, the system eliminates current harmonics and improves power factor simultaneously. As compared with conventional PV inverter, the total number of active switches and current sensors can be reduced so that its cost is lower significantly. For current command determination, a linear-approximation method (LAM) is applied to avoid the complicated calculation and achieve the maximum power point tracking (MPPT) feature. For current controlling, a directsource-current-shaping (DSCS) algorithm is presented to shape the waveform of line current. Simulation results and practical measurements also demonstrate the feasibility of the proposed half-bridge PV system.
Introduction
Solar energy is clean, pollution-free, and inexhaustible, so developing solar energy power system can solve the energy crisis of exhausting in fossil fuel. Recently, photovoltaic arrays are widely used for power supply [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . PV systems can be briefly classified into stand-alone and grid-connection types. Owing to more flexibility in power conditioning, the study on the grid-connection type stimulates many interests. Figure 1 shows the configuration of a conventional gridconnection PV system, which consists of multiple stages, leading to low efficiency, large volume, and high cost. To improve part of the disadvantages, some researchers have designed two-stage configurations, as shown in Figure 2 . For further efficiency improvement and cost reduction, singlestage PV system has been developed [15] [16] [17] [18] , of which block diagram is shown in Figure 3 . Even though the structure of a single-stage PV system is simpler than that of a twostage one, a couple of active switches, current sensors, and corresponding drivers are still needed in the power stage.
In this paper a half-bridge single-stage PV system is proposed to reduce the total number of active switches and current sensors. As a result, the proposed PV inverter system is compact and cost can be reduced significantly. Furthermore, the proposed system can not only process real power bidirectionally but also improve power factor and eliminate harmonic currents. To draw maximum power from PV arrays, a linear-approximation method (LAM) is developed to complete the maximum power point tracking (MPPT). Based on the LAM, a reference dc-link voltage is chosen. With an outer-voltage controller, source current commands are determined, which avoids optimal current determination from complicated calculations. A direct-source-currentshaping (DSCS) algorithm is applied to perform wave shaping for bidirection power flow controlling and power factor improvement. A prototype is established, simulated, tested, and measured. The simulation results and experimental measurements have verified the feasibility of the proposed PV system. Figure 4 illustrates the configuration of the PV power system, which consists of a dc-bus filter, a half-bridge inverter, an output filter, and a system controller. The half-bridge inverter, which contains two active switches and two dcvoltage-divided capacitors, can process real power bidirectionally. That is, the inverter either transfers PV power to ac side or draws power from utility for dc loads. In addition, the inverter performs current harmonics eliminating and power factor correcting to improve power quality. The dcbus filter suppresses dc-link voltage fluctuations and filters out ac components on the dc side for accurate MPPT, while the output filter serves as an interface between the inverter and the utility to prevent inrush current from occurring. According to dc-link, reference, and line voltages, the system controller implemented in a DSP chip calculates current commands and then determines appropriate switch signals to perform wave shaping. A conceptual block diagram of the system controller is shown in Figure 5 .
Configuration of the PV System

Operation Principle of the PV System
To understand the operation principle of the PV system, power flow controlling is discussed. The PV system processes real power, reactive power, and distortion power simultaneously. Figure 6 is the power tetrahedron diagram, which shows the relationship among these types of power. In Figure 6 , the S stands for apparent power and is expressed as
where p, q, and h pw denote real power, reactive power, and distortion power, respectively. According to different insolation, the PV system can deal with power bidirectionally. Based on p-q-h pw coordinate frame, Figure 7 shows a trajectory to indicate operation points varying with insolation. From point a to point b, during the interval of high insolation the PV system generates solar power to supply dc loads and ac loads and inject real power into utility.
In addition, the half-bridge inverter processes reactive power and distortion power for ac loads so as to improve power factor. A corresponding power flow is illustrated in Figure 8 .
From point b to point c, during the interval of medium insolation the system supplies power for dc loads and part of real power for ac loads and the insufficient draws from utility. Figure 9 is the related power flow. From point c to point d, during the interval of low insolation the PV arrays cannot feed total amount of dc demanded power so that the inverter transforms ac power to dc one for dc loads and deals with reactive power and distortion power for ac loads simultaneously. The corresponding power flow is shown in Figure 10 . At point d, during the interval of no insolation the inverter processes real power for dc loads and deals with reactive power and distortion power for ac loads. Figure 11 shows the power flow direction.
Derivation of Current Commands
In the PV system, once a current command is determined, the output current of the half-bridge inverter will trace the waveform of the reference current to perform power flow controlling and power quality improvement. In the following, an optimal current command is derived. According to the current and voltage definitions shown in Figure 4 , the line voltage v s (t) and nonlinear load current i L (t) are expressed as
respectively. Then, the load instantaneous real power (p L (t)) and instantaneous reactive power (q L (t)) can be calculated as follows: 
Figure 4: Configuration of the PV inverter system. where
Dc voltage controller
Notation p L represents the constant part and p L denotes the variant component. The instantaneous reactive power can be obtained by multiplying the nonlinear load current with a 90
• -shifted voltage as follows: where v s (t) is the line voltage shifted by 90
• , q L is the constant part, and q L is the variant component of instantaneous reactive power. Apparent power is determined by
in which the first, second, and third terms are the square of real, reactive, and distortion powers, respectively. The reactive and distortion powers of a nonlinear load will be supplied by the PV system. As a result, a compensated line current, of which amplitude depends on PV power, is purely sinusoidal and in phase with line voltage. It can be determined by
In addition, a corresponding inverter output current is expressed as
where p MPPT is the maximum power drawn from the PV arrays and can be represented as
In (7) and (8), the difference between p MPPT and p L (t) decides the amplitudes of current commands, which can be also obtained from the comparison of the dc-link voltage with a reference voltage. The linear-approximation method (LAM) to achieve the maximum power point tracking (MPPT) is illustrated in Figures 12 and 13 , from which it can be found that the trajectories of maximum power point varying with irradiation and temperature are linear. Once the reference voltage corresponding to a maximum power point is determined, maximum power drawing from PV arrays can be readily achieved. In Figure 12 , maximum power of the PV arrays is proportional to output voltage with the increasing P dc load = P dc load 1 + P dc load 2 P PV Figure 10 : Illustration of power flow during the interval of low insolation.
Half-bridge inverter
Utility PV arrays Dc/dc converter Ac loads of insolation, while temperature is constant. In this paper, insolation is detected by a photodiode converting luminance into current and then measured by a resistor. According to Figure 12 , the MPPT voltage v ref is determined as
where m represents the slope of the approximation line, α stands for the crossover point with output-voltage axis, i p is the output current of a photodiode, and k is a coefficient determined by the ratio of luminance to photodiode current. In Figure 13 , a maximum power point also varies with temperature such that v ref should be modified. As illustrated in Figure 14 , a maximum power voltage drops linearly with 
where ζ is temperature compensation coefficient and notation β is a constant value.
Simulated and Experimental Results
An example of 110 V 60 Hz half-bridge PV system is designed, simulated, and implemented, of which operation range of input voltage is from 395 to 420 V. Component values and important parameters are determined as power switches: IGBT, TOSHIBA GT25Q101, 1200 V/25 A, PV arrays: SHARP NT-KR5EX (12 pieces in series), f s = 20 kHz, Nonlinear loads are connected to utility, of which power dissipation is 650 W. Figure 15 shows the waveform of Figures 16 and 17 , respectively. In this period, PV system supplies total amount of demanded power for dc and ac loads and injects real power into utility. Simultaneously, PV system compensates reactive power and distortion power for nonlinear loads to improve power factor. From Figure 16 , it can be observed that line current is sinusoidal and in phase with line voltage. That is, high power factor is achieved and PV power can be injected into utility. During the interval of medium insolation, output power of the PV arrays is 800 W and reference voltage v ref is 404 V. PV system provides total amount of power for dc load and part of real power for nonlinear loads. The simulated line current is shown in Figure 18 , while Figure 19 is the corresponding inverter current. From Figure 18 , it can be found that the line current is purely sinusoidal and 180
• out of phase to line voltage. That is, insufficient power for ac load is fed from utility and power factor correction is performed by the half-bridge inverter simultaneously. During the interval of low insolation, PV power is 200 W and a reference dc-link voltage is 395 V. Figure 20 shows the simulated line current, and Figure 21 is the corresponding inverter current. Once there is no insolation, the reference voltage is 395 V and the half-bridge inverter provides reactive power and distortion power for nonlinear loads and draws real power from utility for dc loads. The line current and inverter current are shown in Figures 22 and 23, in turn. Figures 24 and 25 present the practical measurements of line currents during the intervals of high insolation and medium insolation, respectively. In the case of no insolation, the filtered line current and line voltage are shown in Figure 26 . During the interval of no insolation the PV system is totally in charge of active power filtering. The amplitude of the filtered line current is greater than that in medium insolation. That is, the utility provides more active power to the load.
Conclusions
A half-bridge PV inverter capable of dealing with power flow bidirectionally is presented in this paper. As compared with full-bridge one, the total number of active switches is reduced by half so that the system configuration is simplified and its cost is lowered significantly. The LAM is applied to obtain an optimal reference voltage for the determination of a current command and to achieve MPPT feature, which avoids sophisticated calculation. The DSCS algorithm is embedded to perform wave shaping for line current so as to achieve power quality improvement directly. Simulation results and practical measurements have demonstrated the feasibility of the PV inverter system.
